single fibre has been demonstrated by Intel's Photonics Technology Labs 4 . While this result was promising, it relied on cumbersome III-V bonding of an indium phosphide layer to a silicon photonic chip. An alternative, potentially lower cost solution would be to use Si CMOS compatible direct bandgap semiconductor like Ge-Sn alloys for light emission. A proof-ofconcept optically pumped laser from a Ge-Sn alloy has been demonstrated, where the material was grown directly on a silicon substrate by a chemical vapour deposition technique (CVD) 5 .
Recently, Ge-Sn alloys have also been produced by ion beam synthesis using ion implantation and nanosecond pulsed laser melting (PLM) 6, 7 . This fabrication method is potentially advantageous over standard Ge-Sn fabrication via CVD in that it may allow for higher Sn fraction, easier post fabrication pathway for layer lattice relaxation and device implementation.
A single crystalline Ge-Sn alloy with ~6 . % Sn has been achieved using this method, with excellent crystal quality except for some local pore formation that occurs after ion implantation 7 . These defective regions have been shown to be a consequence of ion-beam induced porosity in Ge, which also increases the loss of Sn during implantation 8 . By using a nanometer scale pre-implantation capping layer of silicon dioxide (SiO2), the porosity and Sn loss due to sputtering are both significantly suppressed as shown in Ref. 8 . After implantation, a Sn content of ~15 . % has been achieved for a Ge substrate with a 40 capping layer. No sign of surface porosity can be detected in these samples.
Developed from the work in Ref. 8 which focused mostly on the suppressing effect of the capping layer, this work presents the fabrication aspect of the Ge-Sn alloys with detailed physical characterisation including Rutherford backscattering spectrometry (RBS), X-ray diffraction (XRD), transmission electron microscopy (TEM) and Raman spectroscopy.
Furthermore, the thermal stability of the alloys, which is crucial information for further application of the materials, will also be presented in this contribution. Fig. 1(a) ) and 4.0 × 10 16 −2 ( Fig.  1(b) ). In Fig. 1(a) , a band of nanometer scale voids occurred at the depth of the maximum vacancy production. This band grows larger with higher implant dose in Fig. 1(b) .
Prior to ion implantation, several p-type (Ga doped) (100) Ge substrates were coated with a
~40
SiO2 by plasma enhanced chemical vapour deposition. by fitting the red spectrum in Fig. 2 (a) with a simulated RUMP spectrum 11 . The Sn profile of the sample is Gaussian-like as expected for a non-porous Ge sample. After PLM, the crystal structure of the Ge-Sn layer recovered very well as indicated by the reduced scattering yield of the green spectrum. By comparing random and channelled RBS spectra, the substitutionality of Sn atoms is calculated to be 85 − 90 %. Although the Sn profile has been redistributed slightly during PLM, the peak concentration of Sn in Ge is estimated to be ~9 . %. This result is certainly encouraging as it is comparable to some of the best studies using molecular beam epitaxy 12, 13 and chemical vapour deposition 14, 15 . For the 4.0 × 10 16 −2 sample, the high scattering yield of the channelling spectrum (purple) represents a disordered layer, noting the two large bumps: one at the sample's surface and one at about the back edge of the amorphous layer. These two features will be clarified in the following TEM figures. (Fig. 3(a) and 3(b) ) after PLM. Electron diffraction pattern (inset, Fig. 3(a) ) of the 3.0 × 10 16 −2 sample shows a typical diamond-cubic monocrystal. In Fig. 3(b) , a band of disordered, amorphous blobs can be observed in the 4.0 × 10 16 −2 sample. The high resolution TEM (inset, Fig. 3(b) ) shows good crystal quality around the disordered blobs.
Further TEM analysis was again undertaken to characterise the crystallinity of the Ge-Sn layer after PLM. Fig. 3(a) shows that the small band of 2 − 7 voids in Fig. 1 of the sample's surface prior to PLM by a controlled etching process such as reactive ion etching to remove the intermixed O and achieve a better quality crystalline alloy layer. represents the substitutionality of Sn in Ge lattice 18 . The intensity of the Ge-Sn phonon mode monotonically increases with the Sn concentration. As a consequence of the substitutional Sn atoms and the uniaxial strain, the 1 st Ge-Ge mode consistently shifts to a lower wavenumber.
The wavenumber difference between the pristine Ge and the highest dose sample is 11.6 −1 .
It is widely known that the shift of the 1 st Ge-Ge phonon mode is a function of both the concentration of substitutional Sn and the in-plane strain of the Ge-Sn lattice:
, where a and b are constants. According to Ref. 19 , for a fully strained Ge-Sn alloy, the shift equation can be simplified to ∆ − = 76.8 × ∁ .
The Sn concentration of the 3.0 × 10 16 −2 sample is ~9 . % and if we assume that the Xray diffraction analysis indicates a fully strained Ge-Sn material ( Fig. 2(b) the two values is probably due to a partial relaxation of the Ge-Sn lattice through the introduction of defects, such as the disordered blobs, at such a high Sn concentration. Due to this relaxation, the second term of the shift expression becomes larger, giving rise to a larger shift as compared to a fully strained layer. . There is no observable difference between the RBS spectra of the 400℃ annealed and non-annealed sample, indicating no change in crystal quality. The spectra of the 450℃ and 500℃ annealed samples show a Sn signal at the surface that increases with anneal temperature, indicating surface segregation.
Finally, the PLMed 3.0 × 10 16 −2 sample with good crystal quality was annealed at various temperatures to study its thermal stability and suitability for device processing. The range of annealing temperatures varied from 250℃ to 500℃ in increment of 25℃. Each anneal was conducted over the course of 30 in an argon atmosphere with a flow rate of 100 .
Each annealed sample was characterised with the RBS/channelling technique to determine the diffusion and substitutionality of Sn atoms. The RBS/channelling spectra of the 3.0 × 10 16 −2 sample are largely unchanged from 250℃ to 400℃ relative to the non-annealed spectra. As seen in Fig. 5 , the Sn profile begins to change after an anneal temperature of ~400℃. The degree of Sn segregation to the surface increases with increasing temperature between 450℃ and 500℃. In addition, comparing the channelled spectra in Fig. 5 with corresponding random spectra shows that a corresponding loss of Sn substitutionality occurs beyond 400℃ annealing. In summary, the crystalline Ge-Sn alloys are stable under annealing up to 400℃ for 30 . This result is in good agreement with other reports 20, 21 for alloys prepared by CVD and MBE methods.
In conclusion, the data in this paper shows the method of ion implantation followed by pulse laser melting is capable of producing a Ge-Sn alloy with a Sn concentration of ~9 . %.
Detailed characterisation using RBS, XRD and TEM demonstrate the good crystallinity of the This data suggest a pre-etching step would be necessary to remove the intermixing layer and improve the sample quality. The thermal stability study shows that the highly Sn concentrated alloy is quite stable as it can sustain under thermal annealing up to 400℃ for 30 . This thermal budget makes the material highly applicable for manufacturing electronic and photonic devices.
